Mitochondrial genomes of metazoans, given their elevated rates of evolution, have served as pivotal markers for phylogeographic studies and recent phylogenetic events. In order to determine the dynamics of spontaneous mitochondrial mutations in small populations in the absence and presence of selection, we evolved mutation accumulation (MA) lines of Caenorhabditis elegans in parallel over 409 consecutive generations at three varying population sizes of N ¼ 1, 10, and 100 hermaphrodites. The N ¼1 populations should have a minimal influence of natural selection to provide the spontaneous mutation rate and the expected rate of neutral evolution, whereas larger population sizes should experience increasing intensity of selection. New mutations were identified by Illumina paired-end sequencing of 86 mtDNA genomes across 35 experimental lines and compared with published genomes of natural isolates. The spontaneous mitochondrial mutation rate was estimated at 1.05 Â 10 À7 /site/generation. A strong G/C!A/T mutational bias was observed in both the MA lines and the natural isolates. This suggests that the low G þ C content at synonymous sites is the product of mutation bias rather than selection as previously proposed. The mitochondrial effective population size per worm generation was estimated to be 62. Although it was previously concluded that heteroplasmy was rare in C. elegans, the vast majority of mutations in this study were heteroplasmic despite an experimental regime exceeding 400 generations. The frequencies of frameshift and nonsynonymous mutations were negatively correlated with population size, which suggests their deleterious effects on fitness and a potent role for selection in their eradication.
Introduction
The organellar genes and genomes of mitochondria and chloroplasts have been the subject of intensive evolutionary investigations over the past three decades with respect to genetic variation and population-genetic analyses. The transmission genetics of these organelles is inherently different from nuclear genes with respect to (i) their mutation rates, (ii) their patterns of segregation, (iii) their mode of inheritance, and (iv) the degree of intracellular selection and recombination (Birky 2001) . For example, animal mtDNA possesses a high mutation rate, approximately a magnitude greater than that of nuclear genes (Brown et al. 1979 ). As such, animal mtDNA has found widespread use as the molecular tool of choice for tracing matrilineal lineages (Cann et al. 1987; Hall and Muralidharan 1989; Sajantilla et al. 1996) and investigating shallow phylogenetic relationships, including intraspecific population structure, divergence time estimates, and the topology of relatedness between recently diverged species (Avise 1994 (Avise , 2000 . In contrast to metazoan mtDNA, plant mtDNA and chloroplast genomes generally represent the other end of the spectrum with extremely low rates of sequence evolution relative to the nuclear genome (Wolfe et al. 1987; Palmer and Herbon 1988; Gaut 1998; Cho et al. 2004 ); hence their use as molecular markers for dating deeper evolutionary events at higher taxonomic levels such as the origin of angiosperms (Bowe et al. 2000) and the monocot-dicot divergence (Chaw et al. 2004 ). Inheritance of mtDNA has long been assumed to be strictly uniparental through the maternal germline. This paradigm has been countered by accumulating evidence that biparental inheritance of mtDNA does occur via paternal leakage in both animal and plant taxa, albeit at a low frequency (Neale et al. 1989; Kondo et al. 1990; Gyllensten et al. 1991; Kvist et al. 2003; Ballard and Whitlock 2004; Barr et al. 2005; McCauley et al. 2005; White et al. 2008 ). Unlike nuclear genomes, animal mitochondria are inherited in multiple copies (as a "population" of mitochondria, and with potentially more than one complete mitochondrial genome per mitochondrion) in the oocyte (Ballard and Whitlock 2004; Aanen et al. 2014 ). The population dynamics of mitochondria can be described as repeated population expansion-bottleneck cycles experienced every cell cycle of the host organism, whether mitotic (replicative segregation) or meiotic (Wallace and Chalkia 2013) . Due to the high mitochondrial mutation rates in metazoans, cells may contain a number of genetically different mitochondria, usually referred to as a heteroplasmic population of mitochondria (Avise et al. 1987; Rand 2001; Ballard and Whitlock 2004) . Heteroplasmy is generally assumed to be the result of spontaneous mutation within the maternal line (Avise et al. 1987) . Furthermore, unlike the nuclear genome, animal mitochondria are thought to undergo limited or no recombination which manifests as high or complete linkage between mitochondrial loci (Moritz et al. 1987 ; but see Eyre-Walker et al. 1999) .
Given the focal role of mutation in the origin of genetic variance and the rate of adaptation and divergence in evolution, several studies have investigated the rate and spectrum of spontaneous mitochondrial mutations. Furthermore, it had been posited that the conjunction of a high mutation rate with minimal recombination would predispose animal mitochondria to mutational meltdown due to the accumulation of a deleterious load of mutations via the process referred to as Muller's Ratchet (Lynch 1996; Lynch et al. 2006 ) although subsequent studies suggest that minimal levels of recombination could effectively counter mutation accumulation (Rand 2008; Neiman and Taylor 2009) . However, recent studies have found no evidence for a disproportionately greater accumulation of deleterious mutations in the mtDNA relative to the nucleus (Cooper et al. 2015; Havird and Sloan 2016) . Mutation rates can be inferred indirectly from analysis of sequence divergence between species. However, this approach suffers from the drawback of underestimation of the mutation rate, given that only mutation with minor or no fitness effects (nearly neutral or neutral mutations) tend to become fixed. A superior approach to studying the occurrence of mutations is the use of time-and labor-intensive mutation accumulation (MA) lines. MA experiments have been conducted in a handful of model organisms with life-history features and short generation times that allow for manipulation under stringent laboratory conditions (Halligan and Keightley 2009) . In a typical MA experiment, multiple replicate lines descended from a single selfing founder or a pair of outcrossing founders is maintained independently for several hundred generations under extreme bottlenecking conditions to simultaneously attenuate the strength of natural selection and enable the fixation of originating mutations via random genetic drift. MA lines therefore facilitate the study of mutations before their purging from the genome via selection.
The C. elegans mitochondrial genome is typical of animal mitochondrial genomes with respect to size (13,794 bp) and gene content (total 36 genes comprising 12 protein-coding, 2 rRNA and 22 tRNA genes) (Okimoto et al. 1992; Lemire 2005) . The mtDNA genomes of C. elegans MA lines were the first to be investigated for their rate and spectrum of spontaneous mutations (Denver et al. 2000) . The authors employed Sanger sequencing that targeted $76% of the mtDNA genome, but precluded a robust identification of heteroplasmic variants at low frequencies. A similar approach was used to identify mtDNA variants in the congener species C. briggsae (Howe et al. 2010) , and the microcrustacean Daphnia pulex (Xu et al. 2012) . The advent of massively parallel sequencing technologies have facilitated direct sequencing of MA lines to generate direct genome-wide estimates of the rate and spectrum of spontaneous mitochondrial mutations in an additional five unicellular/multicellular eukaryote species, namely, Drosophila melanogaster (Haag-Liautard et al. 2008) , Saccharomyces cerevisiae , the nematode Pristionchus pacificus (Molnar et al. 2011) , and the protists Paramecium tetraurelia (Sung et al. 2012) and Dictyostelium discoideum (Saxer et al. 2012) . The overall rate of mtDNA spontaneous mutation per site per generation gleaned from spontaneous MA experiments appears fairly consistent across diverse unicellular and multicellular eukaryotic species, ranging approximately 2-fold from 0.76 to 1.6 Â 10
À7
. In contrast, the reported mutational spectrum of base substitutions in the mtDNA genome is markedly divergent across different taxa (Montooth and Rand 2008) . Metazoan mitochondrial genomes are significantly A þ T-biased with respect to base composition. A strongly biased mutation pressure towards A/T changes has been reported for D. melanogaster (Haag-Liautard et al. 2008) , and the two nematode species, C. briggsae (Howe et al. 2010) and P. pacificus (Molnar et al. 2011 ). However, a G/C mutation bias has been reported for two species, namely C. elegans (Denver et al. 2000) and S. cerevisiae .
The loss or fixation of mutations and their consequences for population fitness depend upon the selection coefficients associated with individual mutations and the effective population size, N e . Preceding spontaneous MA studies in this classical field of enquiry have maintained the focal organism at a constant minimal population size to generate speciesspecific mutation parameters such as the spontaneous mutation rate and the average fitness effect of mutations (reviewed in Halligan and Keightley 2009). We created parallel experimental evolution lines of C. elegans at varying population sizes representing the first long-term spontaneous MA experiment of its kind for any species by consecutively bottlenecking 35 lines at population sizes of N ¼ 1, 10, and 100 individuals for 409 generations (Katju et al. 2015) . Using massively parallel Illumina paired-ends sequencing technology in combination with our long-term MA experiment, we provide the first comprehensive analysis of the genome-wide distribution of spontaneous mitochondrial mutations under differing intensity of selection. The varying population size treatment is a significant advance in the experimental design of MA studies and offers a powerful framework to investigate how spontaneous mutational input in conjunction with varying strengths of natural selections shapes genetic variation and levels of mitochondrial heteroplasmy in a model Konrad et al. . doi:10.1093/molbev/msx051 MBE eukaryote. Moreover, we compare the spectrum of spontaneous mtDNA mutations in our experimental lines with those observed in the genomes of 38 C. elegans natural isolates. It had been previously concluded that the C. elegans mitochondrial genome has a strong A/T ! G/C mutation bias, and therefore that the extant G þ C content of the genome was due to natural selection and not mutation pressure (Denver et al. 2000) . However, we find evidence for a strong G/C ! A/T mutation bias which is concordant with results in other metazoans as well as C. briggsae (Howe et al. 2010 ). In addition, we find evidence for pervasive heteroplasmy in the C. elegans mitochondrial genome which also conflicts with previous conclusions in C. elegans (Denver et al. 2000) but is consistent with subsequent results in C. briggsae (Howe et al. 2010) . We provide the first maximum-likelihood estimate of the mitochondrial effective populations size, N e [mtDNA] , for C. elegans, which exceeds similar estimates for two other multicellular eukaryotes (Haag-Liautard et al. 2008; Xu et al. 2012) . Finally, we demonstrate for the first time, in a stringent experimental setting, that the accumulated frequency of nonsynonymous and frameshift mutations in the mitochondrial genome declines with increasing population size. Although this relationship is predicted from population-genetic theory, and supported by observations in natural populations, this is the first time that this relationship has been demonstrated with spontaneous mutations in MA experiments.
Results

Experimental Overview
We sequenced 86 near-complete mitochondrial genomes of C. elegans lines and their N2 ancestor comprising a long-term MA experiment spanning 409 MA generations with differing population sizes of N ¼ 1, 10, 100 ( fig. 1 ). For the 20 MA lines (1A-1T) maintained at population size N ¼ 1 and the ancestral pre-MA N2 control, the mtDNA genome of a population of worms derived from one hermaphrodite per line was sequenced. For the 20 N ¼1 lines, a total of 268,256 bp were surveyed which represented an average 97.2% (13,413 bp) of the 13,794-bp C. elegans mitochondrial genome. The remaining 381 bp encompass the D-loop, which contains the origin of replication and is characterized by A þ T-rich, low-complexity sequence tracts. Because lines comprising larger population sizes are expected to harbor greater standing genetic variation, the genomes of four and five individuals were sequenced per N ¼ 10 (10 lines; 10A-10J) and N ¼ 100 (five lines; 100A-100E) line, respectively. This sequencing design yielded 40 and 25 mtDNA genomes for the N ¼10 and N ¼100 MA lines, respectively. The average read depth of the mitochondrial genomes was 388Â, 187Â, and 197Â per genome within the population size treatments of N ¼ 1, 10, and 100, respectively (supplementary table S1, Supplementary Material online). A total of 46 variants were detected among all sequenced MA lines; 24 variants in 20 N ¼1 MA lines, 13 variants in 10 N ¼10 MA lines, and nine variants in five N ¼ 100 MA lines. With respect to the class of mutations, we detected: (i) 11 base substitutions, (ii) 32 small insertions or deletions (1-3 bp) in homopolymeric runs, and (iii) three large deletions ranging in size from 107 to 1,185 bp (tables 1-3). Because differing intensities of selection vs. drift were hypothesized for the three different population sizes, we analyzed the mutation rates and spectrum separately for each population size treatment.
Spontaneous Mitochondrial Mutation Rates and Spectrum in C. elegans from N ¼1 Lines Each line in our N ¼1 population size treatment was propagated by a single random hermaphrodite, resulting in an effective population size of N e ¼ 1. Under this bottlenecking regimen, natural selection can only purge the most lethal mutations (causing sterility and/or mortality) whereas the effects of genetic drift are maximized. Genetic drift renders many strongly deleterious mutations effectively neutral, enabling their persistence in the genome. Sequence analysis of the 20 N ¼ 1 genomes maintained for an average $363 MA generations detected 24 mutations ( ). 67% (6/9) of these base substitutions occurred in three of the 12 mitochondrial protein-coding genes (ND5, three substitutions; ND4L, 2 substitutions; COII, one substitution), and five of these were nonsynonymous substitutions. Twenty-two percent (2/9) of the base substitutions occurred in tRNA genes (tRNA-Asn and tRNA-Phe) and a single base substitution occurred in the noncoding region between ATP6 and tRNA-Lys. Eight of the nine base substitutions were from G/C!A/T and only one substitution was in the converse direction, from A/T!G/C. The observed spectrum of base The total A þ T content of the C. elegans mitochondrial genome is 75.5%, and the A þ T bias is more pronounced in the third codon positions (86%) and intergenic regions (93%) (Okimoto et al. 1992) , which are less likely to be under selection than the first two codon positions and thus, more likely to reflect the cumulative effects of prevailing mutational biases in the genome. The equilibrium A þ T content is expected to equal u/(u þ v) where u is the mutation rate from a G/C to an A/T pair and v is the mutation rate from an A/T to a G/C pair (Sueoka 1962 ). If we assume that the 86% A þ T represents the equilibrium A þ T content in the absence of selection, the mutation rate from G/C!A/T should be $six-fold higher than the mutation rate from A/T!G/C. Given an approximately 75% A þ T composition of the C. elegans mtDNA genome and assuming a 6-fold higher rate of G/C!A/T mutations relative to A/T!G/C ones, we would only expect twice as many G/C!A/T than A/ T!G/C mutations. Our observed 8:1 ratio of G/C!A/T substitutions is not significantly different from this expectation (two-tailed Fisher's Exact Test, P ¼ 0.58).
We further investigated heterogeneity in the mutation rate of nucleotides by examining the frequency of transitions versus transversions. Of the nine base substitutions observed in the N ¼1 lines, five and four were transitions and transversions, respectively. If there are equal substitution rates between nucleotides, the ratio of transitions:transversions (Ts:Tv henceforth) is expected to be 1:2. While we lack sufficient power to test for statistical deviations of our observed Ts:Tv ratio from this null model, we observe a two-fold excess in the occurrence of transitions. However, our transition bias is not as strong as the 25:3 or 13:3 Ts:Tv bias observed in D. melanogaster (Haag-Liautard et al. 2008 ) and other C. elegans MA lines (Denver et al. 2000) , respectively.
Insertion/deletion (indel) events represented a larger fraction of mutational events observed in the 20 N ¼ 1 lines (15/24; 62.5%), comprising 10 insertions and five deletions (table 1) and yielding a spontaneous indel rate of 6.14 Â 10 À8 per site per generation (95% CI: 2.56-11.1 Â 10
À8
). Two of these are large deletions of 107 and 499 bp, respectively (table 1) . Line 1C had a 107 bp deletion (frequency 0.76 in the population) that spanned part of the tRNA-Cys, the entire tRNA-Met and the 5 0 end of the tRNA-Asp genes. The 499-bp deletion in the ctb-1 gene in MA line 1G is likely deleterious in fitness. This mtDNA variant is near fixation in the population (frequency 0.96) and it shortens a 370 aa encoded protein by 166 aa and simultaneously results in a frameshift mutation in the undeleted downstream amino acids. The relative mean productivity for line 1G following 346 MA generations was 0.70 (ancestral control was assigned a value of 1) (Katju et al. 2015) . The relative contributions of the nuclear versus mitochondrial genetic load to this fitness decline cannot be disentangled from this data alone. Likewise, line 1C displayed a decline in relative mean productivity (0.76) at 392 MA generations (Katju et al. 2015) . Excluding these two large deletions, the remaining 13 of these 15 mutations are small indels (1-3 bp) in homopolymeric runs of A or T nucleotides. Ten of the 13 small indels are insertions with a mean size of 1.2 bp. The remaining three of the 13 small indels are 1-bp deletions.
Distribution of Spontaneous mtDNA Mutations at Larger Population Sizes (N ¼ 10 and 100)
Eight of the N ¼10 lines (total 10 lines, 10A-10J) harbored 13 mitochondrial mutations (table 2) . Two lines, 10G and 10J did not accumulate any observable mitochondrial mutations through the course of the 409 generation experiment. Because mutations in the N ¼ 10 or 100 lines were always found in multiple individuals sequenced from within the same line, we considered this to be a confirmation of the mutations. Therefore, if at least one individual in a particular N ¼ 10 or 100 line possessed a heteroplasmic mutation that reached a 3% threshold in frequency but the same variant was detected in <3% frequency in other individuals of the same The five lines within N ¼100 population size treatment (100A-100E) harbored nine mitochondrial mutations (table  3) . As was observed in the N ¼10 lines, the vast majority of the mutations (eight of nine) in the N ¼100 are single nucleotide indels in homopolymeric runs, ranging in frequencies from 0.01 to 0.80. Only one base substitution was observed within the N ¼ 100 experimental treatment, namely a nonsynonymous change (GGA!AGA) in the ND5 gene with a population frequency of 0.59. The observed mitochondrial mutation rate for the N ¼ 100 populations was 6.47 Â 10 À8 /site/generation (table 4).
Differences in Frequency of mtDNA Mutations with Varying Intensities of Natural Selection
Once mutations have arisen, how do they fare within lines across different population sizes? For each sequenced individual, we calculated the sum of the frequency of variants exceeding 3% divided by the number of nucleotides sequenced and the number of generations. Individuals lacking variants that reached the !3% criteria for detection were not included. For the larger population sizes, we calculated the average sum of the frequency of variants per line using only those individuals with a variant frequency of ! 3% as was done in the case of the N ¼ 1 lines. This is similar to the calculation of mutation rate per line except that only individuals with mutations were included. The average frequency of variants per MA line was compared across the three population size treatments (N ¼ 1, 10 and 100 with sample sizes n ¼ 13, 8, 5 MA lines, respectively) ( fig. 3 ). We did not observe a statistically significant difference in the average frequency of variants per MA line between the three population size treatments (parametric, ANOVA,
Most detrimental mitochondrial mutations need to reach a critical threshold in frequency of affected molecules before they have a noticeable effect on the phenotype (Stewart and Chinnery 2015) . Can selection suppress the frequencies of nonsynonymous/indel mutations below the hypothesized critical threshold within individuals in the larger-sized populations (N ¼10, 100)? We compared the frequencies of mutations that are likely to be subject to purifying selection (nonsynonymous mutations in coding regions and indels within genic regions including RNA genes) across the three 4A ). To test if there is an effect of differences in read depth per genome, we subsampled the N ¼ 1 reads to create a new data set with read depths similar to the average read depth of N ¼10 and 100 individuals. The analysis described above was repeated with the reduced N ¼1 datasets to test if differences in read depth contributed to the results. Despite the loss of some heteroplasmic variants due to the change in average read depth, the random assignment of reads into the new dataset also led to increased frequencies of some other heteroplasmic variants. There was no qualitative change in the correlation using the reduced N ¼ 1 dataset and the association between the accumulation of nonsynonymous and indel mutations with population size remained significant (r ¼ À0.60, P ¼ 0.010). In contrast, the frequency of synonymous and intergenic variants per individual was not correlated with population size (r ¼ 0.1, P ¼ 0.77) ( fig. 4B ).
This suggests that selection is indeed impeding the accumulation of nonsynonymous mutations at larger population sizes (N ¼ 10 and 100).
Observed mtDNA Polymorphisms in Natural Isolates of C. elegans
The variation in mitochondrial genomes was also assessed in 38 natural isolates (supplementary table S2, Supplementary Material online) whose genomes had been previously sequenced (Thompson et al. 2013) . A total of 426 mtDNA variants were identified in these 38 natural isolates of which 389 (91.3%) and 37 (8.7%) were polymorphic (>80% within individuals) and heteroplasmic (frequency 80%), respectively (supplementary table S3 
MBE
Of the 408 base substitutions identified, 387 were polymorphic ($95%) and 21 were heteroplasmic ($5%). Nonsynonymous SNPs constituted $17% of 357 polymorphic and 55% of 20 heteroplasmic coding-region SNPs, respectively. The low frequency of nonsynonymous SNPs in C. elegans natural isolates also contrasts with the relatively high ratio of nonsynonymous mutations in the MA lines ( fig.  6 , two-tailed Fisher's Exact Test, P ¼ 0.0003), consistent with the expectation that nonsynonymous substitutions are under purifying selection.
The overall Ts/Tv ratio of polymorphic SNPs is 5.5. The Ts/ Tv ratio is 3.3, 3.7, and 25.8 at nondegenerate, four-fold, and two-fold degenerate sites, respectively. The high Ts/Tv ratio at two-fold degenerate sites is expected, because all transversions at these sites are nonsynonymous and will likely be selected against, whereas all transitions are synonymous and more likely to be neutral. Because the consequences of transitions and transversions at either four-fold (all synonymous) or nondegenerate (all nonsynonymous) sites do not differ, the average Ts/Tv ratio of 3.5 at these sites (nondegenerate and four-fold degenerate) should reflect the Ts/Tv ratio of spontaneous mutations.
The number of mutations from G/C!A/T and A/T!G/C polymorphic (high-frequency) sites in protein-coding genes are approximately equal. However, G/C!A/T mutations are roughly 7.3Â more frequent than A/T!G/C mutations at synonymous sites after adjusting for base composition bias. Using u/(u þ v) to calculate the expected equilibrium A/T MBE content at synonymous sites based on a 7.3Â higher rate of G/C!A/T mutations than in the opposite direction yields 88% A/T, which is similar to the observed A/T content of 86% at third codon positions.
A total of 18 indels were identified in the 38 natural isolates. 16 indels were heteroplasmic (90%), all of which occurred at low frequencies ranging from 0.03 to 0.13. The two remaining indels were polymorphic, both of which were located in noncoding sequences. Thirteen indels (81%) caused frameshifts in protein-coding sequences and the majority of these (7/13) were in the protein-coding gene ND5. The high proportion of ND5 indels in natural isolates mirrors the results in the MA lines wherein 14 of 22 indels causing frameshifts were present in ND5. Whereas the ND5 indels in the MA lines were found in frequencies ranging from 3% to 94%, in natural isolates they exhibit a much narrower distribution of low frequencies (3-12%).
Mutational Hotspots
Certain sites in the C. elegans mitochondrial genome show parallel heteroplasmies in different lines. In the N ¼ 1 lines, 12 mutations (50%) were detected in the ND5 gene. Nine of the 12 ND5 mutations are small indels occurring in two homopolymeric runs of eight thymines, separated by 48 bp. Six of these indels have reached reasonably high frequency (40-80%), whereas three remain in low frequency (3-6%). In addition to the indels, three substitutions were detected in ND5, two nonsynonymous mutations in high frequency (88 and 94%) and one synonymous mutation in low frequency (3%). The high proportion of ND5 mutations is also present in populations with larger bottlenecks, N ¼ 10 and N ¼ 100. In the N ¼ 10 populations, five of the 12 mutations are in ND5, two in intermediate frequency and three in low frequency. All of these are small indels in three separate Spontaneous Mitochondrial Mutations in Populations of Differing Size . doi:10.1093/molbev/msx051 MBE homopolymeric runs. In N ¼ 100, four of the nine mutations are indels in ND5. Short indels in homopolymeric runs were found in runs of seven or more nucleotides and the ND5 gene harbored 11 of the 33 homopolymeric runs within this range ( fig. 7) . The high proportion of homopolymeric runs in ND5 is a likely contributing factor to the high incidence of ND5 mutations in these experiments.
Effective Population Size of Mitochondria (N e[mtDNA] ) in C. elegans
A maximum likelihood (ML) procedure (Haag-Liautard et al. 2008 ) was employed to provide an estimate of the effective number of maternal mitochondrial genomes inherited by the progeny per generation, based on the distribution of frequencies of mutations within individuals. ML estimates of the mitochondrial effective population size (N e[mtDNA] ) using the observed frequencies of base substitutions, and the overall set of mutations (base substitutions and indels combined) suggested that $60 copies of mitochondrial genomes were transmitted per C. elegans hermaphrodite per generation (table 4) .
Discussion
To date, direct estimates of the overall spontaneous mtDNA mutation rate (l total ) have only been obtained for five species including one unicellular and four multicellular eukaryotes (Denver et al. 2000; Haag-Liautard et al. 2008; Molnar et al. 2011; Saxer et al. 2012; Xu et al. 2012) . l total ranges approximately 24-fold from 0.0676 to 1.63 Â 10 À7 changes per site per generation, with the protist D. discoideum and the microcrustacean D. pulex representing the lower and higher ends of this range, respectively. Our l total estimate of 1.05 Â 10 À7/ site/generation for C. elegans falls at the higher end of this range, but is slightly lower than that of D. pulex (1.63 Â 10 À7 /site/generation; Xu et al. 2012 ) and a preceding estimate for C. elegans that employed a direct sequencing approach spanning $75% of the mtDNA genome (1.6 Â 10 À7 /site/ generation; Denver et al. 2000) . All of these mutation rate estimates have large confidence intervals and our overall estimate for the C. elegans mtDNA genome is not significantly different from that of Denver et al. (2000) .
The spontaneous mtDNA base-substitution rate (l bs ) and the spectrum of accrued molecular changes have been generated in seven species comprising two and five unicellular and multicellular eukaryotes, respectively. Estimates of l bs for the unicellular eukaryotes S. cerevisiae and the protist P. tetraurelia differ $six-fold (1.22 vs. 6.96 Â 10 À8 basesubstitutions per nucleotide site per generation, respectively) Sung et al. 2012) . For the five multicellular eukaryotic species (D. melanogaster, D. pulex, and the nematodes C. elegans, C. briggsae, and P. pacificus), the spontaneous mtDNA base-substitution rate varies less than three-fold with a range of 3.75-9.7 Â 10 À8 base-substitutions per nucleotide site per generation (Denver et al. 2000; Haag-Liautard et al. 2008; Howe et al. 2010; Molnar et al. 2011; Xu et al. 2012) , with Daphnia exhibiting the lowest rate and a preceding estimate in C. elegans being the highest. Our direct estimate of the C. elegans mtDNA base-substitution rate l bs ¼ 4.32 Â 10
À8
per nucleotide site per generation is at the lower end of this range while extremely similar to that of the nematode P. pacificus (4.5 Â 10 À8 per site per generation) (Molnar et al. 2011) . We note the existence of a greater than two-fold difference in the mtDNA l bs estimates from our analysis of C. elegans MA lines relative to that of Denver et al. (2000) . Both studies utilized spontaneous MA lines of C. elegans derived from a single hermaphrodite of the laboratory N2 Bristol stock. However, there are differences in the methodology that should be mentioned. Our sample set of 20 C. elegans MA lines was significantly smaller than the 74 MA lines analyzed by Denver et al. (2000) . However, Denver et al. (2000) used a direct Sanger sequencing approach that spanned $75% of the mtDNA genome, with MA lines that had been subjected to approximately 215 consecutive generations of MA. Our approach utilized the Illumina paired-end sequencing platform that spanned a near-complete mtDNA genome ($97%) in an MA experiment conducted over 409 consecutive generations. Because we were able to detect mutations present at   FIG. 7 . The distribution of >6 bp A or T homopolymeric runs in protein-coding genes of the C. elegans mtDNA genome. The ND5 locus contains proportionally more homopolymeric runs than any other protein-coding gene within the genome.
Konrad et al. . doi:10.1093/molbev/msx051 MBE lower frequencies than Denver et al. (2000) due to greater depth of sequencing, the discrepancy between our mtDNA mutation rate estimates is even larger than it appears.
The spontaneous mutation rate for indel events (l indel ) in the C. elegans mtDNA genome is 6.14 Â 10 À8 changes/site/ generation and is approximately 1.4 times higher than the spontaneous base-substitution rate. The ratio of indels to single-base substitutions was 1.7. A higher rate of indel events in the mtDNA genome was also observed for D. pulex (Xu et al. 2012 ) and the congeneric species C. briggsae (Howe et al. 2010) . However, this pattern is not a generic feature of metazoan mtDNA genomes per se; notably D. melanogaster (HaagLiautard et al. 2008 ) and the nematode P. pacificus (Molnar et al. 2011 ) exhibit higher rates of base-substitution relative to indel events.
In all of the major eukaryotic groups, although there exists a wide spread in the base composition of mitochondrial genomes, the majority of species exhibit a skew towards higher A þ T content. All eight eukaryotic species, in which the spontaneous mtDNA process has been studied via MA lines, possess mtDNA genomes with highly biased A þ T-rich base compositions ranging from 62% to 84%. Are these skewed compositions the result of a strongly biased mutation pressure towards A/T substitutions or do they also reflect countering forces (such as selection) to maintain an optimum equilibrium nucleotide composition? Insights into these questions can be gained by determining the spontaneous base mutation pressure in these genomes and to what extent the extant base composition deviates from the pattern of mutational input. The simplest explanation for the variable base composition of mtDNA genomes between species is that they arise from different biases in mutation rates. This hypothesis predicts that A þ T-rich mitochondrial genomes should have higher rates of G/C!A/T mutations relative to A/T!G/C ones. However, a previous analysis of mutations in the C. elegans mitochondrial genome suggested a mutational bias towards a high G þ C content and it was proposed that the high A þ T content of the genome (76%; Okimoto et al. 1992 ) was due to natural selection (Denver et al. 2000) . This G/C mutation bias in C. elegans reported by Denver et al. (2000) is at odds with the A/T bias observed in the spontaneous mtDNA mutation patterns reported in other multicellular eukaryotes studied to date; 57, 86, 87% spontaneous base substitutions increased A/T content in P. pacificus (Molnar et al. 2011 ), D. melanogaster (Haag-Liautard et al. 2008 , C. briggsae (Howe et al. 2010) , respectively. These conflicting patterns in the spontaneous base substitution spectrum of mtDNA were referred to as a "muddle of mutation across taxa" (Montooth and Rand 2008) . The results of our study on the spontaneous mtDNA base substitution spectrum in C. elegans are incongruent with those of Denver et al. (2000) . We demonstrate a strong G/C!A/T mutation bias for mtDNA base changes in C. elegans, which is corroborated with our analysis of the spectrum of nucleotide substitutions in 38 natural isolates of C. elegans. The equilibrium G þ C content predicted from either our MA results or analysis of base substitutions in natural isolates is similar to the observed G þ C content in the third codon position of protein-coding genes. Therefore, we do not find evidence to support the conclusion that the nucleotide composition at synonymous sites is under strong selection as previously suggested (Denver et al. 2000) . In this respect, the base substitution mutation spectrum in the C. elegans mitochondrial genome is similar to its congeneric C. briggsae (Howe et al. 2010) as well as other multicellular eukaryotes studied to date (Haag-Liautard et al. 2008; Molnar et al. 2011) .
The intracellular dynamics of mitochondrial mutations in C. elegans are more similar to that of other nematodes than previously appreciated. Previous work has sought to contrast C. elegans and C. briggsae with regards to the level of heteroplasmy of recent mitochondrial mutations, the conclusion being that heteroplasmy was common in C. briggsae while extremely rare in C. elegans (Howe et al. 2010 ). However, we find that heteroplasmic mutations are pervasive in C. elegans, as is the case in Drosophila (Haag-Liautard et al. 2008) . Of a total of 46 new mtDNA variants identified across the three population size treatments in our MA experiment, only one variant in line 10E showed a frequency of 1 (tables 1-3). In fact, homoplasmic mutations were surprisingly rare given that the duration of the MA experiment reported here comprised almost two times the number of generations of previous experiments, thereby increasing the evolutionary time for novel mitochondrial mutations to reach fixation. In direct contrast, Denver et al. (2000) reported only one heteroplasmic mutation among the 26 spontaneous mtDNA variants identified in their set of C. elegans MA lines maintained at N ¼ 1. The divergent conclusions regarding the extent of heteroplasmy in the C. elegans mtDNA genome between our study and that of Denver et al. (2000) may be attributed to technical challenges in ascertaining heteroplasmic variants, especially lowfrequency ones, using traditional Sanger sequencing relative to next-generation sequencing methods. Based on the frequency distribution of mtDNA variants in our N ¼ 1 MA lines, the effective number of mitochondrial genomes (N e[mtDNA] ) transmitted from the mothers to their offspring is $60. Our N e [mtDNA] estimate for C. elegans may be conservative because our filtering screen excluded all variants in less than 3% frequency, some fraction of which may have been valid, rare heteroplasmies. However, our N e[mtDNA] estimate is larger than that for other model organisms such as fly (13-42 copies; Haag-Liautard et al. 2008) , and Daphnia (5-10 copies; Xu et al. 2012) and brings into question a preceding conclusion that C. elegans experiences more severe mtDNA bottlenecks relative to C. briggsae (Howe et al. 2010) . Although Howe et al. (2010) did not provide an estimate for the N e [mtDNA] in C. briggsae, the higher overall frequency of heteroplasmic variants and the common occurrence of low-frequency heteroplasmies in our study relative to their findings in C. briggsae would, at face value, argue for a wider bottleneck in C. elegans. One of the consequences of small mitochondrial bottleneck and low N e [mtDNA] is to increase the efficiency of selection against deleterious and selfish mutations (Bergstrom and Pritchard 1998; Rand 2011; Cooper et al. 2015) . This raises the question of whether purifying selection against mitochondrial mutations operates less efficiently in organisms such as C. elegans compared with species with lower N e[mtDNA].
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The estimates of mutation rates in MA experiments rest on the assumption that most mutations are effectively neutral. Given the complex population dynamics of mitochondria, where they exist in nested population hierarchies (multiple genomes within mitochondria, multiple mitochondria within a cell, multiple oocytes per female, multiple individuals in a population, and so forth), there is a potential for selection both between individuals and among mitochondria within individuals (Rand 2001) . On the one hand, selection can operate within an individual to eliminate deleterious mutations. Therefore, many deleterious mitochondrial mutations may escape detection in MA experiments. On the other hand, many deleterious mutations may, in fact, have a competitive advantage within individuals (Ma and O'Farrell 2016) . For example, deletions in C. elegans (Gitschlag et al. 2016) as well as ND5 deletions in C. briggsae (Clark et al. 2012) exhibit selfish drive. In this light, the high incidence of mutations in ND5 raises questions regarding the selective neutrality of these mutations in general. For example, in the N ¼ 1 lines, approximately half of all mutations were detected in ND5 and all but one of these were either frameshift or nonsynonymous mutations. Overall, synonymous mutations were rare in our study and it remains a possibility that many frameshift and nonsynonymous mutations in high frequency were overrepresented due to selfish drive.
Our spontaneous MA experiment deviated in some aspects of its design from preceding MA experiments in other model organisms. In addition to maintaining C. elegans MA lines at the minimum bottleneck size possible (N ¼1) for determination of the spontaneous rate of mutational input with little influence of selection, we additionally maintained MA lines at two larger population size treatments of N ¼10 and 100 individuals (n ¼10 and 5 lines, respectively). By determining the frequency distributions and patterns of mtDNA mutation in these two larger population size treatments as well as in 38 natural isolates, we aimed to investigate the influence of increasing intensities of natural selection on dictating the evolutionary dynamics and persistence of newly occurring mtDNA mutations. This analysis does come with some limitations. Our sample sizes for these larger treatments was limited (ten N ¼ 10 and five N ¼ 100 lines) due to logistic reasons associated with manually transferring 620 worms each generation during the course of the MA experiment. Furthermore, despite the order of magnitude higher mutation rate expected in metazoan mtDNA, the target size for mutations is relatively small in the mtDNA genome relative to the nuclear genome given the former's extremely compact size. The number of mitochondrial mutations detected in MA studies has therefore been small, ranging from 12 in Pristionchus (Molnar et al. 2011 ) to 36 in D. melanogaster (Haag-Liautard et al. 2008 . The total number of mutations detected in our experiments was 46; 24 of these were found in the N ¼ 1 lines. The challenges in detecting selection on spontaneous mitochondrial mutations under these conditions are a combination of (i) a small number of potentially deleterious mutations, and (ii) the possibility that mitochondrial mutations are likely to be recessive. It is thought that haplo-insufficient mitochondria need to reach a relatively high frequency (a critical threshold), even as high as 80%, for a deleterious phenotype to become apparent (Stewart and Chinnery 2015) . Nonetheless, there is evidence that a fraction of the spontaneous nonsynonymous and frameshift mutations are indeed deleterious and selected against in the larger population lines (N ¼ 10 or 100 individuals). There is a significant negative correlation between the frequency of spontaneous nonsynonymous/frameshift mutations and population size, which suggests that selection keeps some intracellular variants at low frequencies in the larger-sized experimental populations (N ¼ 10 and 100 individuals). Our analysis of the published mtDNA genomes of the 38 natural isolates was conducted to investigate the distribution of mtDNA variants in populations presumably facing the most stringent level of natural selection. Natural isolate mtDNA genomes possess the lowest proportion of nonsynonymous mutations among the various lines examined in this study. This observation is in accord with the expectation that nonsynonymous mutations have deleterious fitness consequences and are subject to strong purifying selection. The N ¼1 MA lines possess a greater fraction of mtDNA variants in intermediate frequencies than present in natural isolates, the latter showing a preponderance of extremely low-or high-frequency variants. This could be a combination of two factors: (i) natural selection suppressing the intracellular frequencies of deleterious variants in the wild, and/or (ii) insufficient evolutionary time for new mtDNA variants in the N ¼1 MA lines to reach fixation via genetic drift.
In conclusion, the combination of massively parallel sequencing technology and MA experiments is a powerful approach to address long-standing questions about the frequency and spectrum of spontaneous mutations. In the case of mtDNA genomes, next-generation sequencing has proved to be particularly useful for detecting low-frequency heteroplasmic mutations. Most of the mutations detected in this study had not yet reached fixation within cells to become homoplasmic during the course of the experiment. However, there was evidence that selection is operating to reduce the intracellular frequency of potentially deleterious nonsynonymous and frameshift mutations in populations of limited size (N ¼ 10 and 100 individuals). Furthermore, by comparing the results from traditional MA experiments (or MA populations with differing N e as was done in this study) to standing genetic variation in natural populations, the dual role of natural selection and mutation pressure operating to shape genetic variation can be investigated. Understanding the population dynamics of heteroplasmic variants is important both for population and evolutionary genetics as well as for the study of pathogenic mitochondrial mutations that contribute to human diseases.
Materials and Methods
Mutation Accumulation Experiment
MA lines of hermaphroditic Caenorhabditis elegans were propagated at three different constant population sizes (N ¼ 1, 10, and 100) for 409 generations, as described in Katju et al. (2015) . Twenty lines were propagated through Konrad et al. . doi:10.1093/molbev/msx051 MBE single hermaphrodite ancestry each generation where possible (lines 1A-1T), while 10 (lines 10A-10J) and five lines (100A-100E) were passaged through bottlenecks of 10 and 100 hermaphrodites each generation, respectively. Each new MA generation was established by randomly selecting the designated number of founder hermaphrodites as L4 larvae and manually transferring to a new plate. Worm populations were cultured on Nematode Growth Medium at 20 C on either 60 Â 15 mm (lines maintained at N ¼ 1 and 10) or 90 Â 15 mm Petri dishes (for populations of size N ¼ 100) seeded with 250 lL or 750 lL of Escherichia coli OP50 in YT medium.
Stocks of the MA lines were cryogenically preserved throughout the course of the experiment, at approximately every 50 MA generations. Following the termination of the mutation accumulation experiment at MA generation 409, all extant lines were cryogenically preserved at À86
C. Three N ¼ 1 lines had gone extinct prior to the termination of the experiment (line 1H at MA generation 293; 1S at MA generation 328, and line 1T at MA generation 309) but preextinction frozen stocks were available for the purpose of genome sequencing.
DNA Extraction and Sequencing
The ancestral pre-MA control and 35 MA lines were thawed at room temperature on standard NGM plates. One, four and five worms were randomly selected and sequestered individually on to fresh plates from the N ¼ 1 and control, N ¼10, and N ¼ 100 lines, respectively. A single hermaphrodite per N ¼ 1 line was selected for sequencing, yielding 20 N ¼ 1 genomes. For the three N ¼ 1 lines that became extinct during the course of the MA experiment, we thawed worms from the latest frozen stock available (line 1H at 281 MA generations, line 1S at 291 MA generations, and line 1T at 305 MA generations). MA lines maintained at larger population sizes were expected to harbor greater standing genetic variation. Hence, we initiated sequencing the genomes of four randomly picked individuals from each N ¼ 10 line (total 10 lines), in order to generate 40 (4 Â 10) genomes. Similarly, five individuals from each N ¼ 100 line (total 5 lines) were selected for generating 25 (5 Â 5) genomes. A single genome of the ancestral pre-MA control was submitted for whole-genome sequencing (WGS henceforth). This design yielded 86 nematode lines for WGS ( fig. 1) . The 86 thawed, isolated worms were each transferred to an agarose plate with a HB101 bacterial lawn. A population of >5000 individuals all descended from the initial single worm was allowed to grow on the plate till starved, and the tissue collected for gDNA extraction.
Genomic DNA was isolated using a previously described protocol (Flibotte et al. 2010; Thompson et al. 2013 ) with a PureGene Genomic DNA Tissue Kit (QIAGEN no. 158622) following a supplemental nematode protocol. DNA quality was tested by electrophoresis on 1% agarose gels and DNA concentration was determined both by Thermo Fisher Nanodrop spectrophotometer and by BR Qubit assay (Invitrogen). Two micrograms of each sample was sonicated in 85lL TE buffer to yield 200-400 bp fragments (Covaris, E-Series), and then end-repaired using the NEBNext end repair module (New England BioLabs) and purified with Agencourt AMPure XP beads (Beckman Coulter Genomics). Beads were left in the reaction until adapter ligation as previously described (Thompson et al. 2013) . Subsequent steps added 3 0 adenine overhangs (AmpliTaq DNA Polymerase Kit, Life Technologies) and ligated custom pre-annealed Illumina adapters. Samples were then PCR amplified with Kapa Hifi DNA Polymerase (Kapa Biosystems) using Illumina's paired-end genomic DNA primer with an 8 bp barcode. PCR products were size-fractionated on 6% PAGE gels and 300-400 bp fractions were excised, gel extracted by diffusion at 65 C, and gel filtered (NanoSep, Pall Life Sciences) before final purification with Agencourt AMPure beads. DNA quality and quantification were assessed using Agilent HS Bioanalyzer and HS Qubit assays. Multiplexed DNA libraries were sequenced via Illumina HiSeq at the Northwest Genomics Center at the University of Washington, using default quality filters for sequence reads. All reads generated in this project have been deposited on the NCBI Sequence Read Archive under Project ID PRJNA352429 (further details and accession numbers are available in supplementary table S4, Supplementary Material online).
Sequence Alignment and Variant Detection
The reads of the 86 genomes sequenced above were demultiplexed using a custom Perl script, and raw reads for each strain were stored in FastQ files. The reads for each MA individual sequenced and every natural isolate were individually aligned to the reference N2 genome (version WS247; www. wormbase.org) using the Burrows-Wheeler Aligner (BWA Version 0.5.9) (Li and Durbin 2009) and Phaster (Philip Green, personal communication), with default settings. Resulting alignments were sorted via SAMtools (Version 0.1.18; Li and Durbin 2009) , and the rmdup utility of the same package was used in order to remove potential PCR and optical duplicates. Potential variants were identified using the mpileup utility of SAMtools, while filtering of the variants was subsequently performed using a custom script (see below for details). Additional potential variants were identified using the methods previously described (Rebolledo-Jaramillo et al. 2014) . All potential variants with base qualities less than 30 were removed from the dataset. Variants called at sites with a read depth of less than 10% of the average read depth at the same site across all strains were discarded. We additionally discarded variants meeting the following criteria: (i) preexisting variants in the ancestral control line, (ii) SNPs below a threshold of 3% of the read depth, or those which were supported by less than three reads. Every variant was verified manually using the Integrative Genomics Viewer (Robinson et al. 2011; Thorvaldsd ottir et al. 2013 ) before further analysis.
Variants reaching a threshold of 80% of all reads in at least one individual within a given population were considered to be polymorphic, while those occurring below this threshold are referred to as heteroplasmic. All accepted variants in the MA lines and natural isolates were annotated using the Wormbase gene annotations (version WS247) (Harris et al. 2010 ) and classified as protein-coding, noncoding RNA Spontaneous Mitochondrial Mutations in Populations of Differing Size . doi:10.1093/molbev/msx051 MBE (rRNA or tRNA), untranslated regions (intergenic regions or 3'-/5'-untranslated regions), or intergenic regions.
Independent Validation of mtDNA Variants in N ¼ 1 Lines
The putative list of 24 mtDNA variants identified from the WGS data for the N ¼1 MA lines (table 1) were further validated using one of three approaches. First, the two large deletions of 107 and 499 bp in lines 1C and 1G, respectively, were directly confirmed by PCR and gel electrophoresis. Second, 16 SNPs and small indel variants were genotyped using the KASPar allelespecific fluorescent genotyping system (KBioscience, www.kbio science.co.uk) as previously described (Seabury et al. 2010; Smith and Maughan 2015) . The KASPar genotyping system employs fluorescence to measure abundance of allele-specific extension products. SNP-specific assays were designed by KBioscience and primer sequences are available on request. Genotype clustering and calling was performed using KlusterCaller software (Kbiosciences) and the endpoint genotyping module incorporated within the Roche LC480 (Roche Applied Science). Third, three additional SNPs/small indels were verified via droplet digital PCR (ddPCR) as previously described (Hindson et al. 2011; Rebolledo-Jaramillo et al. 2014) . Three SNPs from the N ¼ 1 lines were not verified by these methods because of challenges associated with designing appropriate primers. However, in light of our success in verifying every other variant for which primers could be constructed, we treated these as real mutations. Mutations in the N ¼ 10 and N ¼ 100 were all found in multiple individuals within the same populations and were therefore not subjected to additional verification.
Analysis of Mitochondrial Variants in Natural Isolates of C. elegans
The raw reads for mitochondrial genomes of 38 previously sequenced C. elegans natural isolates (supplementary table S2, Supplementary Material online) (Thompson et al. 2013) were downloaded from the Sequence Read Archive (Leinonen et al. 2011) . These genomes were aligned against the mitochondrial genomes of C. briggsae, C. tropicalis and C. nigoni (strain JU1421) using MUSCLE (Edgar 2004 ). Subsequently, a maximum likelihood tree was reconstructed in MEGA with default settings, which was rooted with C. briggsae, C. tropicalis, and C. nigoni as outgroups (Tamura et al. 2013 ) (supplementary fig. S1 , Supplementary Material online). Ancestral state reconstruction for each position was performed in R (R Core Team 2014) using the ace function in the APE package (Paradis et al. 2004 ) allowing for different rates between substitutions. The directionality of a given mutation was determined by identifying the nucleotide with the highest likelihood at the node of the last common ancestor of the shared mutation. Polymorphic mutations present in multiple descendants of their last common ancestor were treated as a single mutation. Sites that differed between the two major clades in the phylogenetic tree of the C. elegans mitochondrial genome were not used to assign directionality of nucleotide substitutions, although they were used to calculate transition/transversion ratios.
Calculation of Mutation Rates and the Mitochondrial Effective Population Size (N e[mtDNA] )
In order to calculate the mutation rates for the mutation accumulation lines, we assumed that all variants detected are under mutation-drift balance, in which case the probability of any mutation reaching fixation is equal to its observed frequency in the population within which it occurs (Kimura 1983; Haag-Liautard et al. 2008; Saxer et al. 2012) . Hence, the line-specific mutation rates were calculated in such a way that each variant (both heteroplasmic and polymorphic) contributes to the total mutation rate in proportion to the frequency at which it was observed in the dataset:
where l i represents the mutation rate for each individual population, f(m j ) equals the frequency of each individual variant within the population, n i is the number of individuals sequenced for the population (1, 4, or 5), and b i and g i refer to the number of bases analyzed and the number of generations for the population, respectively. The final spontaneous mutation rate was calculated by averaging the individual mutation rates for lines of population size N ¼ 1. 95% confidence intervals for the spontaneous mutation rates were determined via bootstrapping. Line-specific mutation rates were randomly sampled with replacement to recalculate the mutation rate for 20 strains for a total of 10,000 iterations.
We also employed a maximum likelihood (ML) model (Haag-Liautard et al. 2008) to infer the effective population size of mitochondria transmitted to the progeny each generation. The mitochondrial effective population size, N e[mtDNA] , was modeled using a haploid Wright-Fisher transition matrix method which is discussed in detail in Haag-Liautard et al. (2008) .
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
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